Electron-electron interactions are the fastest processes in materials, occurring on femtosecond to attosecond timescales, depending on the electronic band structure of the material and the excitation energy. Such interactions can play a dominant role in light-induced processes such as nano-enhanced plasmonics and catalysis, light harvesting or phase transitions. However, to date it has not been possible to experimentally distinguish fundamental electron interactions such as scattering and screening. Here, we use sequences of attosecond pulses to directly measure electronelectron interactions in different bands of different materials with both simple and complex Fermi surfaces. By extracting the time delays associated with photoemission, we show that the lifetime of photoelectrons from the d band of Cu are longer by ∼100 attoseconds compared with those from the same band of Ni. We attribute this to the enhanced electron-electron scattering in the unfilled d band of Ni. Using theoretical modelling, we can extract the contributions of electron-electron scattering and screening in different bands of different materials with both simple and complex Fermi surfaces. Our results also show that screening influences highenergy photoelectrons (≈20 eV) significantly less than low-energy photoelectrons. As a result, high-energy photoelectrons can serve as a direct probe of spin-dependent electron-electron scattering by neglecting screening. This can then be applied to quantifying the contribution of electron interactions and screening to low-energy excitations near the Fermi level. The information derived here provides valuable and unique information for a host of quantum materials.
Introduction
Excited state electron dynamics in materials play a critical role in light-induced phase transitions in magnetic and charge density wave materials, in superdiffusive spin flow, in catalytic processes, and in many nano-enhanced processes. However, to date exploring such dynamics is challenging both experimentally and theoretically. Using femtosecond lasers in combination with advanced spectroscopies, it is possible to measure the lifetime of excited charges and spins directly in the time domain (1) . To date, such studies have been applied to a wide variety of materials, including noble metals and semiconductors (1) (2) (3) (4) , ferromagnetic metals (5) (6) (7) (8) , strongly correlated materials (9) and high-Tc superconductors (10, 11) . These studies have significantly improved our understanding of the fastest coupled interactions and relaxation mechanisms in matter. However, to date experimental investigations of electron dynamics have been limited to femtosecond time-scale processes in materials with low charge densities (9) (10) (11) (12) or to Fermi-liquid metals with low excitation energies (<3.0 eV above E F , where E F is the Fermi energy) (3) (4) (5) , due to the visibleto-UV-wavelength photon energies used in these experiments. In this region, two fundamental electron interactions -electronelectron scattering and charge screening due to a rearrangement of adjacent charges -contribute to the signal, making it challenging to independently probe these dynamics. On the theory side, initial studies in the late 1950s were enabled by the seminal Fermiliquid theory of Landau (13) (14) (15) (16) . In exciting recent developments using the self-energy formalism of many-body theory and the random phase approximation, calculations of electron-electron interaction in materials -that include the material band structure -have now become possible (17) (18) (19) (20) (21) (22) . Thus, experimental approaches that can distinguish between different electron-electron interactions, particular with band specificity, are very important and timely.
High harmonic generation (HHG) provides attosecond pulses and pulse trains that are perfectly synchronized to the driving laser, and which are ideal for probing the fastest coupled charge and spin dynamics in atoms, molecules and materials (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) . To date, two approaches have been used to probe attosecond electron dynamics in matter through photoemission, taking advantage of laser-assisted photoemission (LAPE) sidebands (24, 25) . For atoms, since the energy separation between different states is large, attosecond streaking using isolated attosecond pulses (with an energy resolution of several eV) has been applied very successfully (26, 27) . The same approach has also been used to measure the transit time for a photoelectron to be emitted from the surface of a material. The RABBITT method (28) (29) (30) (reconstruction of attosecond beating Significance Electron-electron interactions are among the fastest processes in materials that determine their fascinating properties, occurring on attosecond timescales on up (1 as = 10 -18 s). The recent development of attosecond angle-resolved photoemission spectroscopy (atto-ARPES) using high harmonic generation has opened up the possibility of probing electron-electron interactions in real time. In this work, we distinguish electronelectron screening and charge scattering in the time domain for the first time, in individual energy bands within a solid. These results open up new possibilities for probing fundamental electron-electron interactions in a host of materials including magnetic, superconducting as well as advanced quantum materials. Fig. 1 . Influence of the material band structure on attosecond electron dynamics. (A) Illustration of the photoemission process from Cu(111) and Ni(111) surfaces. Using HHG pulse trains, photoelectrons are excited either from a Cu(111) or Ni(111) surface. Due to the different band structure in these two materials, photoelectrons from Ni(111) experience more electron-electron scattering, which reduces the lifetime of photoelectrons by 100 as compared with Cu(111) as they escape from the material surface. The enhanced scattering also reduces the inelastic mean free path. (B) Band structure of Cu(111) along the Γ-L direction from DFT calculation (dashed lines), compared with experimental results of band mapping (open symbols, see SI). The interband transition is highlighted by the blue arrow, which corresponds to the spectral enhancement of the photoelectron spectrum at harmonic orders ω 15 and ω 17 as shown in (D). (C) Band structure of Cu along the Γ-L direction for Cu(111), and Γ-X for Cu(100), showing the evolution of the Λbands to Δ bands across the Γ point. Due to the photoemission selection rules (34), transitions from Δ 2 bands are forbidden in the normal emission geometry from Cu(100). The colored areas indicate the perpendicular momentum regions measured in our experiments. Blue arrows indicate the direction in which the HHG photon energy (ħω X ) increases. (D) Static ARPES spectra excited by an s-polarized HHG field, generated using different noble gases (Xe, Kr and Ar). Photoemission from two initial bands ( and ) can be clearly distinguished.
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by interference of two-photon transitions) has also been very successfully applied to atomic and material samples, where quantum interferences between neighboring two-photon transition pathways can modulate these sidebands as a function of the relative time delay between the HHG pump and infrared (IR) probe pulses: any time delay in photoemission from different initial or final states will lead to a phase delay in the interferograms (28, 31) .
Very recently, by combining attosecond HHG pulse trains with time-and angle-resolved photoemission (ARPES), we demonstrated the ability to resolve attosecond electron dynamics in different individual final states in materials for the first time, with ≈20 attosecond time resolution. We used attosecond-ARPES to measure a photoelectron lifetime of ∼210 as, which was measured for a final-state that coincides with an unoccupied excited state in the band structure of Ni (32, 33) . We also showed that the photoelectron lifetime sensitively depends on the band dispersion of the material i.e. the photoelectron emission angle. That work demonstrated that atto-ARPES can probe intrinsic properties of materials. A great advantage of atto-ARPES is that it achieves good energy resolution (<0.3eV), to enable band-selectivity as well as angle-resolved studies, combined with the ability to change the HHG polarization, which are all critical for harnessing photoemission selection rules. This makes it possible, in principle, to selectively capture electron dynamics in different initial or final bands in many materials, since the typical separation between neighboring valence bands is <1eV
Here, we use sequences of attosecond pulses coupled with time-, energy-, polarization-and angle-resolved photoelectron spectroscopy (atto-ARPES) to distinguish electron-electron interactions for electrons excited from different initial bands during the photoemission process. The high photoelectron energies (E-E F >20 eV), combined with attosecond time resolution, allows us to independently measure electron-electron scattering in metals with simple and complex Fermi surfaces, without the influence of screening, for the first time. To achieve this, we extract the time delays associated with photoemission from individual valence bands in Ni(111) and Cu(111). We find that the lifetime of photoelectrons from a d band of Cu is longer by ∼100 attoseconds compared to the lifetime of those from the same band of Ni. We attribute this difference to the fact that the d band in Ni is not fully occupied, resulting in enhanced electron-electron scattering and hence a shorter photoelectron lifetime (see Fig. 1A ). Then, using a spin-dependent scattering model to compare electron-electron interactions in Cu and Ni, we show that the photoexcited electron lifetime in Ni involves enhanced electron-electron scattering throughout the energy range from 0.5 eV to 40 eV. Moreover, because screening influences high-energy photoelectrons (≈ 20 eV) significantly less than low-energy photoelectrons (20, 22) , they can serve as a direct probe of spin-dependent electron-electron scattering. The resulting Coulomb interaction information we extract is applicable across a broad energy range -from the Fermi energy on up -and can separate and quantify the contribution of screening to low-energy excitations, where both screening and scattering contribute to the signal. Our atto-ARPES approach   137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202 thus makes it possible to independently distinguish the fastest electron-electron scattering and screening dynamics in metals on attosecond time scales, providing valuable information for a host of magnetic materials.
Experiment
The concept behind our study is shown in Fig. 1A . Most of the output of a near infrared (IR) femtosecond laser is used to generate high harmonics in various noble gases (Xe, Kr and Ar), which are then focused onto single crystal Cu(111) and Ni (111) surfaces. In the spectral domain, these harmonics span ∼15-45 eV (corresponding to 11ω -27w), each with a linewidth of ∼0.3 eV, and separated by 2ω L ≈3.2 eV, where ω L is the frequency of the driving infrared (IR) laser. The residual phase-locked laser field is used to simultaneously irradiate the material together with a high harmonic field, which induces sidebands of the photoelectron peaks corresponding to the absorption or emission of an IR laser photon. The photoelectron spectrum is then collected using a hemispherical photoelectron analyzer (Specs Phoibos 100). Note that it has already been shown that RABBITT and attosecondstreaking yield the same temporal information about the photoemission process (31), while ARPES adds significant advantages of band-specificity (33) . Moreover, by simultaneously measuring two photoelectron wavepackets from different initial states excited by the same harmonic orders, we can eliminate the influence of the HHG phase(28).
The band structure of Cu(111) is plotted in Fig. 1B . Similar to Ni(111) (33) , there are three valence bands along the -L direction of Cu(111): the band with a binding energy of ∼2.8 eV, with ∼3.5 eV, and with ∼3.8 eV. By using an s-polarized HHG field, we can exclusively excite photoelectrons from the and bands (34, 35) . The band-mapping results are also plotted in Fig.  1B , which shows a strong dispersion of the photoemission peaks as a function of photon energy, indicating that photoemission from bulk states contributes to the signal (see Supplementary Information (SI)). In our experiments, photoemission from the Cu(100) surface is also measured, which corresponds to a band structure along -X direction (Fig. 1C) . As shown in Fig. 1D , photoemission dipole transitions couple different initial and final states (bands) of Cu(111) that can be selected using different harmonic orders and polarizations, by harnessing photoemission 273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339 341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408 Submission PDF selection rules (34, 35) . To distinguish the influence of wavefunction localization (excited bulk states vs. free-electron final states) as well as the influence of the fundamental electron interactions on the photoelectron lifetimes, we first identify where the finalstate resonances occur in Cu(111). The spectral intensity of band photoelectrons excited by the s-polarized HHG field is plotted in Fig. 2A . A strong enhancement of the spectral intensity peaked at the resonant photon energy of ∼26 eV can be observed, which can be attributed to the interband transition from the initial band to the excited final band (Fig. 1B) . The Lorentzian linewidth is =2.13±0.65 eV ( Fig. 2A) , which is consistent with the linewidth recently obtained using high-resolution photoemission at a synchrotron radiation source (36) . The predicted finalstate lifetime is therefore given by = 309±94 as.
The photoemission time delay at the Γ point can be extracted from the RABBITT interferogram (Fig. 2D ) and is summarized in Fig. 2B . The quantum paths involved in RAB-BITT interference are illustrated in Fig. 2C . These interferograms (Fig. 2D) were obtained by integrating the photoelectron spectra over ±2.5 o around the Г point (normal-emission direction). Comparing Figs. 2A and B, we find that at the Γ point reaches its maximum value =291±48 as at the resonant photon energy for the interband transition (Fig. 1B) , which is in good agreement with ≈ 309±94 as. This agreement indicates that the lifetime of photoelectrons emitted from the initial band (
) is short at the Γ point. Considering the fact that the spectral intensity of is a smooth function of photon energy (see SI), it allows us to directly assign the measured time delay to the lifetime of photoelectrons from the band. Compared to Ni(111)(33), the resonant linewidth from the initial band in Cu is narrower, which is consistent with the longer lifetime measured in the time domain (291±48 as for Cu vs. 212±30 as for Ni).
For photoemission through free-electron final states (away from any final-state resonances, >25 eV in Fig. 3A) , we find that the photoelectron lifetime from the band of Cu(111) is ∼100 as in the normal-emission geometry. Moreover, this lifetime is a smooth function of the final-state energy (Fig. 3A) . The associated time delay can be clearly seen in the experimentally measured interferograms of Cu(111) as an obvious phase shift in the oscillations of the RABBITT quantum interferences (Fig.  3B) , which interestingly is absent in Ni(111) for free-electron final states (33) . We note that we can exclude the possibility that the finite photoelectron lifetime in this energy range in Cu(111) is caused by another final-state resonance because we did not observe any photoelectron yield enhancement in this energy range ( Fig. 2A) , and because the it exhibits little momentum (angle) dispersion -unlike the lifetime on resonance (Fig. 3C) . To further reinforce this conclusion, we also measured the photoemission time delay between the and bands along the Γ-X direction for Cu(100) as the two bands cross the Γ point of the Brillouin zone (Fig. 1C , see SI for more details). As shown in Fig. 2B , a similar lifetime difference between and band photoelectrons was observed on the Cu(100) surface when there is no spectral resonance. Excluding final-state effects, the ∼100 as lifetime difference of photoelectrons from the band for Cu(111) and Ni(111) must be attributed to differences in the fundamental electron-electron interactions experienced by the high-energy photoexcited electrons during photoemission from these two materials . 477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543 
Discussion
The photoexcited electron lifetime for free-electron final states is mainly determined by the competition between dynamic screening and inelastic electron-electron scattering during the photoemission process (18) . This is because for highly excited electronic states (>20 eV), other decay channels including scattering with photoholes, phonons and impurities are expected to have negligible contributions. In Fig. 3A , we compare our measured photoelectron lifetime from the band of Cu to two empirical models (Goldmann et al.(37) and Eberhardt and coworkers (36) ) that are based on bulk excited-state linewidths, as well as a freeelectron gas (FEG) model with rs=2.67 for Cu (18) , where rs is the electron-density parameter defined for an electron density n by . As shown in Fig. 3A , both empirical models agree well with the photoelectron lifetime on resonance (SB16) as expected; however, they overestimate the photoelectron lifetime off-resonance. This is not surprising -the Goldmann and Eberhardt models are derived from a linewidth analysis of photoemission and inverse photoemission experiments (36, 37) , that are mainly based on contributions from resonant (bulk final state) excitations. Compared to steady-state photoemission and inverse photoemission studies, our time-domain approach has unique advantages that allows us to measure the intrinsic high-energy photoelectron lifetime at arbitrary energies (including transitions both on and off final-state resonance). Note that the FEG model cannot reproduce the photoelectron lifetime on resonance, which is also not surprising since it does not account for the real band structure of the material. Most interestingly, the FEG model matches the off-resonance (i.e. free-electron final-state) lifetime measured on Cu(111) very well, but not for Ni(111), which is ∼100 as shorter. Note that this trend is very different from the hot-electron lifetimes measured at low energy (<3 eV above E F ), which exhibit a strong deviation from the FEG model due to the added presence of screening of d-band electrons (17, 19) .
The absence of electron screening effects in high-energy photoemission can be understood by considering two different aspects. First, screening of d band electrons can be estimated by considering an effective dielectric constant which is induced by the polarizable background of d electrons. At low energies, the corrected lifetime is larger than the value predicted by the FEG model by (38) (39) (40) . As pointed out by Quinn (41, 42) , reduces as a function of excitation photon energy. As a result, the variation of the photoelectron lifetime due to d-electron screening is estimated to be only a few percent of the FEG lifetime at energies >20 eV (see SI). Second, on ∼100 attosecond time scales, we also need to consider the dynamics of electron screening in metals. As shown in previous theoretical studies, the buildup of charge screening in metals is not instantaneous, but takes approximately half of a plasma period to fully develop (43) , which corresponds to ∼200 as in both Cu and Ni. Because the off-resonance photoelectron lifetimes are much less than this, it appears that photoelectrons from Cu (and Ni) escape before dynamic screening can influence the photoelectron lifetime in this energy range. As a result, dynamic electron screening has negligible influence on the photoelectron lifetimes at energies > 20 eV.
On the other hand, the ∼100 as lifetime difference between photoelectrons from the d bands of Cu and Ni can be attributed to the differences in the band structure of these materials, which results in different electron-electron scattering rates between 545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594 Submission PDF photoelectrons and other electrons in the conduction bands during photoemission. Here, we consider a high-energy photoexcited electron with energy E above E F . This electron decays into a lower energy state E' by exciting one of the other electrons in the band (a scattering partner) from its original state ε into an unoccupied state above E F , ε+Δ, where Δ=E-E' is the energy transfer (see Fig. 4A ). We note that the scattering process illustrated in Fig. 4A is responsible for removing photoelectron signal from our measurement. Thus, the experimentally measured photoelectrons are those that escape without scattering; nevertheless, the lifetimes of these electrons are influenced by scattering within the occupied bands, and experience different phase shifts in our RABBITT measurement. The scattering rate (which will correspond to the inverse of the lifetime ) can be calculated using Fermi's Golden rule in the random-k approximation(6, 44-46) (see SI),
where is the electron spin ( is the opposite spin to σ), and β designates the s, p or d-like wavefunction of the scattering partners and the photoexcited electrons, respectively, and
where is the Fermi-Dirac distribution function, and is the spin-dependent density of states (DOS) of the orbital that is obtained from a density-functional theory (DFT) calculation (see the inset of Fig. 4C ). We note that because the unoccupied states above the Fermi energy in Ni are dominated by electronic states with minority-spin polarization ( ), spin-dependent scattering needs to be taken into account, which results in spindependent excited-electron lifetime in the ferromagnetic materials such as Ni (5, 6, 46) . Here is the spin-dependent, crystal momentum-and orbital-averaged Coulomb matrix element, assuming and (see SI for more details). Indeed, as shown in Fig. 3C , we verified experimentally that the assumption of a momentum-averaged Coulomb matrix element M is valid, as originally suggested by Berglund and Spicer (44) . Similar models have also been successfully used to explain the hot-electron lifetimes of intermediate states measured using time-resolved two-photon photoemission (Tr-2PPE) (6, 46) . Assuming and , Eq. (1) is simply reduced to , which is the well-known scaling of hot electron lifetimes excited close to the E F (44) .
We first evaluate the influence of the DOS on the available phase space for scattering by assuming in Eq. (1). As shown in the inset of Fig. 4B , the phase space increases monotonically as a function of the photoexcited electron energy above E F for both Ni and Cu, and indeed, the phase space of Ni is larger than Cu in the energy range of our experiments, indicating that a higher scattering rate and a shorter photoelectron lifetime would indeed be expected. The additional phase space of Ni is dominated by the unoccupied DOS above E F , as evidenced by the fact that the available phase space of Ni moves closer to Cu as its DOS is down-shifted by 1.8 eV to artificially remove the peaked unoccupied DOS (dashed line in the inset of Fig. 4B ). Figure 4B plots the experimentally measured and theoretically calculated lifetimes of photoexcited electrons from 0.5 to 40 eV. Although the focus of this work is on photoelectron lifetimes in the high energy >20 eV region, a comparison with Tr-2PPE data allows us to gain valuable physical insights. In general, electron-electron Coulomb interactions are energy-dependent due to different screening properties at different energies in a material (44) . Here, for convenience, we assume the Coulomb matrix element M is a constant, and select values by fitting to the experimental data. For example, to further determine the Coulomb matrix element, we compare the photoexcited electron lifetimes measured using spinintegrated Tr-2PPE on Cu(3) and Ni(6) with our atto-ARPES results and models. For Cu, we have , because the DOS for electrons with majority ( ) and minority ( ) spins are the same. For Ni, as shown in the inset of Fig. 4C , there are spin-dependent DOS differences, so we assume and in order to get agreement with the spindependent electron lifetime measured at low energies (6) . The spin-averaged excited electron lifetime is plotted in Fig.  4B as solid lines for Cu and Ni, while Fig. 4C plots the ratio between spin-up and spin-down electron lifetimes (
). Most interestingly, we find that the photoexcited-electron lifetime in Cu can be explained by a mostly energy-independent Coulomb matrix element (M=1.4) throughout the entire energy range from 0.5 to 40 eV. The presence of the d-band screening in the low energy range (<3 eV) is well known for Cu, which increases the lifetime by approximately a factor of 2.5 (17, 47) . In stark contrast, our atto-ARPES measurements suggest a stronger energy dependence of the Coulomb matrix element in Ni: M=1.8 is best for high energy photoelectrons and is close to that observed in Cu, while M=0.6 is best for low energy photoelectrons -that are influenced by both screening and scattering.
Considering that electron screening does not have a strong influence on the photoelectron lifetime in the high energy range (20, 22) , we can extract the influence of the bare electron-electron Coulomb interactions (no screening) at high energies and extend the corresponding matrix element to the low energy range (the solid blue line in Fig. 4B ). The measured lifetime at low energy in Ni is more than one order of magnitude longer than the bare electron-electron scattering limit, as shown in Fig. 4B . Most interestingly, we find that the experimentally measured low-energy excited electron lifetime in Ni gradually approaches the bare electron-electron scattering limit (solid blue line in Fig. 4B ) defined by our atto-ARPES measurement at an energy E crit ∼ 3 eV above E F . This further corroborates our findings, since screening is expected to diminish at these higher energies (22) . Comparing Cu and Ni, our results strongly suggest the presence of enhanced electron screening in Ni at low energies, which can be attributed to the high DOS at the Fermi energy based on our DFT calculations (see Fig. 4C inset) (6) . From the above, we conclude that atto-ARPES can extend measurements of photoexcited-electron lifetimes to higher energies (>20 eV) to distinguish and quantify fundamental electron interactions such as electron scattering and screening, as well as the influence of resonant interband transitions. Compared to other approaches, atto-ARPES also has the unique ability to distinguish bandspecific electron-electron scattering for direct comparison with theory, and can exclude other contributions such as hot electrons and intermediate-state refilling (6, 8, 48) .
Finally, we note that spin-dependent electron-electron scattering in ferromagnetic materials is responsible for many interesting phenomena, including laser-induced demagnetization (8) , superdiffusive spin transport, and giant magnetoresistance (49) . Low-energy spin-dependent electron lifetimes have been studied, providing much valuable information (5, 6) . However, to date it is not possible to experimentally isolate electron-electron
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scattering, due to strong contributions to the measured lifetimes from electron screening from localized d and f band electrons, as well as contributions from other interactions e.g. phonons and impurities. By probing high-energy photoelectron lifetimes, where electron screening becomes negligible, spin-resolved atto-ARPES could probe spin-dependent electron-electron scattering, which could help uncover fundamental magnetic properties.
Conclusion
In conclusion, we show that attosecond electron interactions in metals can be studied using energy-, polarization-, and angleresolved atto-ARPES, allowing us to distinguish the contributions of occupied and unoccupied bands to the photoelectron lifetimes. Strong electron-electron scattering in the unfilled d band of Ni decreases the lifetime of photoelectrons by ∼100 as relative to the photoelectrons emitted from the same band of Cu. Most interestingly, we find that dynamical screening influences highenergy photoelectrons much less than low-energy photoelectrons, and is different for Cu and Ni due to the difference in material band structure. As a result, spin-dependent atto-ARPES with high-energy excitation is a unique tool to exclusively study the fundamental processes of spin-dependent electron-electron scattering in magnetic materials, and also quantify the contributions of scattering and screening for low-energy excitations. In the future, atto-ARPES can also be used to extract valuable information about fundamental electron-electron interactions in a host of materials including strongly correlated materials and modern quantum materials.
Methods
We use laser-assisted photoemission and RABBITT to measure the photoelectron lifetimes for different initial and final states. Photoemission from the solid surface is induced by attosecond pulse trains from HHG. The HHG pulse trains are generated in a 150 μm diameter, 1 cm long, gas-filled capillary waveguide, driven by ∼2 mJ, 26 fs laser pulses at 780 nm wavelength from a Ti:sapphire amplifier system. We use different noble gases (Xe, Kr, and Ar) to cover a broad EUV photon energy range from 16 to 42 eV (corresponding to HHG orders 11 to 27). A phase-locked linearly polarized IR probe is recombined collinearly with the HHG pulse trains and focused onto the surface with a FWHM spot size of 250 μm and peak intensity of 2.8×10 11 W/cm 2 . The polarization of the IR probe is p-polarized for all our measurements. In the presence of both the attosecond pulse trains and the IR probing field, the angle-resolved photoelectron spectra are modulated as a function of the pump-probe time delays due to quantum-path interference (RABBITT, see Fig. 2C ), which is recorded by a hemispherical photoelectron analyzer . 817  818  819  820  821  822  823  824  825  826  827  828  829  830  831  832  833  834  835  836  837  838  839  840  841  842  843  844  845  846  847  848  849  850  851  852  853  854  855  856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883 885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910  911  912  913  914  915  916  917  918  919  920  921  922  923  924  925  926  927  928  929  930  931  932  933  934  935  936  937  938  939  940  941  942  943  944  945  946  947  948  949  950  951  952 
